Abstract
Introduction
Various types of near work [1] [2] [3] [4] have been suggested to promote the incidence and progression of myopia [2, [5] [6] [7] [8] , while outdoor activity appears to prevent or retard myopia [9] . However, there is a lack of consensus on how to interpret these results and to translate them into effective intervention strategies [10] [11] [12] [13] [14] .
One difficulty lies in differentiating the direct effects of more time spent on one activity, as well as the substitution effects of having less time left for other activities [10] . Spending more time outdoors may reduce myopia because children spend less time on near work, while spending more time on near work may exacerbate myopia. Attempts have been made to account for this difficulty in a few studies, but it remains relevant to interpreting the body of literature on the impact of time allocation. Another difficulty lies in elucidating the effect on myopia of different factors underlying an activity. For example, time spent outdoors may lead both to increased light exposure and a tendency to focus on more distant objects, each of which might potentially reduce myopia risk.
The current study reports data from a large population-based survey of rural primary school students in Northwest China, during which visual acuity was measured and a widelyused form [15] was utilized to collect self-reported data on time spent outdoors and in various types of near activities.
We used a diary approach to collect self-reported data on time spent outdoors; this not only allowed us to identify potential substitution effects, but also to distinguish between time spent outdoors before school, around midday, and after school in order to test the hypothesis that brighter light, rather than a tendency to focus at greater distance, is responsible for the protective effect of outdoor activities against myopia [16] . This is because the level of illumination from the sun is strongest around midday, and weaker in the morning and late afternoon hours before or after school, while the tendency to focus at greater distance is presumably unchanged throughout the day. This paper also examines the association between myopia and uncorrected visual acuity, and between myopia and various types of near activities, including schoolwork and the use of smartphones, computers and televisions, in order to guide potential interventions to reduce the visually-harmful impact of such activities.
Methods

Setting and sampling
This study utilizes data collected during a randomized trial of glasses provision on educational outcomes among 19,934 students at 252 primary schools in Northwest China, in the fall of 2012.
Our sample schools are located in A prefecture in G province and B Prefecture in S province in northwest of China. We obtained a list of all 435 primary schools in the two prefectures from local education bureaus. For logistical reasons we excluded those with fewer than 50 or more than 150 students in the fourth and fifth grade combined (19% of sample frame). This is because screening at the larger schools could not be reliably completed in a day, which would have interfered with the screening schedule, whereas smaller schools would be expected to have fewer than 10 children requiring glasses, below our power requirements. We randomly selected one school from each township in the sample, and within each school we randomly selected one class in each of the fourth and fifth grades (likely age range 9-12 years). All 19,934 students in these 252 schools completed a detailed questionnaire concerning potential risk factors for myopia, including weekly time spent in near activities and time spent outdoors.
Institutional Review Boards at Stanford University and Zhongshan Ophthalmic Center (ZOC, Sun Yat-sen University, Guangzhou, China) approved the research protocol in full, and the principles of the Declaration of Helsinki were followed throughout. Written informed consent was obtained from at least one parent for all child participants.
Assessment of Visual Acuity (VA), refraction, and myopia
In each school, a nurse and staff assistant, who had been trained by optometrists from ZOC, carried out visual acuity (VA) screening for all selected students to determine eligibility for the original trial. In a well-lighted indoor space at each school, children underwent assessment of uncorrected VA (UCVA) in each eye separately at 4 meters, using an Early Treatment Diabetic Retinopathy Study (ETDRS) chart (Precision Vision, La Salle, Illinois, USA) [15] . If a child correctly identified at least 4 of 5 optotypes on the top 6/60 line, s/he was examined on the 6/30 line, the 6/15 line, and then line by line to 6/3. When a student failed a line, the lines above were tested successively until the child correctly identified 4 of 5 optotypes; the VA for an eye was defined as the lowest line read. For cases in which a student could not correctly read the top line, visual acuity was tested as above at 1 meter, with the measured VA divided by 4. VA was expressed during data analysis using LogMAR, the negative base-10 logarithm of the Minimum Angle of Resolution.
If a child's VA was �6/12 in either eye, cycloplegia was applied with up to 3 drops of cyclopentolate 1%, and a refractionist, previously trained by ZOC's experienced pediatric optometrists, carried out automated refraction (Topcon KR 8900; Tokyo, Japan) with subjective refinement in each eye separately. Refractive error was recorded as the spherical equivalent (SE, spherical power + ½ the cylindrical power). Myopia was defined as VA �6/12 and SE �-0.5D in at least one eye.
A total of 19934 students underwent vision screening, 4939 (24.8%) of them failed. Among these who failed the vision screening, 280 (5.7%) students did not complete refraction due to absence on the day our optometrists team conducted cycloplegic refraction in school. The remaining 4659 (94.3%) completed cycloplegic refraction. Students that did not complete cycloplegic refraction and those who did were not significantly different with regard to individual characteristics or time allocation variables.
Among the 4659 (94.3%) students that completed cycloplegic refraction, 1052 (22.6%) of them were not diagnosed with myopia due to visual acuity not being correctable to 6/12 in at least one eye with refraction, due to amblyopia or other non-refractive disorders. These children were referred to higher level hospitals (prefectural and municipal facilities) for treatment. In our analysis, we define these children as not myopic, because their vision could not be improved with refraction. Fig 1 presents a flowchart of the participants in this study.
Assessment of self-reported time spent in near activities and outdoors
Students completed a previously-reported, self-administered questionnaire concerning mean times spent throughout the day on near activities (including computer and smartphone use, television viewing and after-school study), and time spent outdoors before school, around midday and after school. Reports of time spent on various activities at different periods in the day were categorized as follows: 0 minutes, 1 to 30 minutes, 31 to 60 minutes and > 60 minutes.
Covariates
Our questionnaire also collected additional information potentially related to myopia, including grade (4 th or 5 th ), age, gender, family wealth, migration status of each parent, parental education, child's main residence (home, school dormitory, relative's home, etc.), and province. was very similar to that for the country as a whole (USD 6091) in the same year, while G province was the second-poorest province in the country (per capita GDP of USD 3100) [17] . Impact of near work, time spent outdoors on visual acuity among Chinese school-going children
Higher income is a risk factor for myopia [13] , and thus province of residence was explored as a potential determinant of VA and refractive error.
Statistical methods
Mean UCVA (LogMAR averaged over two eyes, with its 95% Confidence Interval) and myopia prevalence are reported for children stratified by various demographic and behavioral factors. The impact of time allocation and other variables on UCVA in cross-sectional fashion were assessed using Generalized Estimating Equation (GEE) regression models, which adjusted for the correlation between the two eyes of each child and between children in the same school. In the multivariate model (full regression model), to improve the efficiency of the estimation, we included variables which were statistically significant associated with visual acuity and myopia (age, sex, family wealth, parental migrant status, parental education, child's residence). Missing observations, which constituted a small proportion of the data, were excluded. For statistical interference, robust standard errors adjusted for clustering at the school level were used. Similarly, we constructed logistic models with outcome defined as the presence of myopia and included the same potential explanatory variables. All analyses were performed using Stata 14.0 (StataCorp, College Station, Texas, USA).
Results
Among the 19,934 children in our study (mean age 10.6 +/-1.15 years, 48% girls), the mean LogMAR UCVA was -0.172, equivalent to a Snellen fraction of approximately 6/9. A total of 4939 children (24.8%) failed vision testing, and among them, 4659 (94.3%) underwent refraction. The prevalence of myopia was 18.1% (3607 of 19,934 students). Students in grade 5, girls, those from wealthier families, those with at least one parent at home, those with better-educated patents and S province residents had significantly (P < .001) worse UCVA and greater myopia. Greater computer use (P < .001), smartphone use, television viewing, and after-school study as well as less midday outdoor time, were also associated with lower UCVA and greater myopia prevalence (P < .001). Before-and after-school outdoor time were unassociated with UCVA and myopia ( Table 1) .
In multivariate regression models (Table 2) , we found that using a computer 1 to 30 minutes and 31 to 60 minutes per day were associated with worse UCVA (0.019 LogMAR units, P = .001 and 0.024 LogMAR units, P = .008), while greater than 60 minutes of daily use was associated with a greater reduction in UCVA (0.040 LogMAR units, P< 0.001). Using smartphones for 1 to 30 minutes and 31 to 60 minutes per day was uncorrelated with visual acuity, but use for greater than 60 minutes was associated with reduced UCVA (0.043 LogMAR units, P< 0.001). Neither television viewing nor after-school study were significantly associated with declines in UCVA.
Our logistic regression models with myopia as the outcome (Table 2) showed consistent results for computer use and increased myopia risk, though smartphone usage was not significantly associated with visual acuity. As with the model using UCVA, television viewing and after-school study were unassociated with myopia risk. Such findings are consistent with those found in the literature [18] [19] [20] [21] [22] .
Regarding time spent outdoors, statistically significant associations between outdoor time and reduced myopia were found only for the midday interval. Myopia prevalence was highest in students who spent the least time outdoors around noon (Table 1) , though no such trend was present for before or after school. In the linear regression model for UCVA, children spending 30 to 60 minutes outdoors at noon per day (0.016 LogMAR units, P = .014) and those with greater than 60 minutes outdoors at noon per day (0.016 LogMAR units, P = .042) had significantly better vision compared to children who rarely went outdoors at this time; these differences for other times of day were not statistically significant (Table 2) . Results for myopia risk were consistent: only spending more time outdoors at midday had a significant protective effect (Table 3) . Regarding other potential correlates of uncorrected vision and myopia, after controlling for school grade, there was no association between older age and UCVA. Girls had greater risk of worse vision and myopia than boys (Tables 2 and 3 ). Having both parents out-migrated for work significantly increased the risk of myopia in multivariate models (OR -0.155, P = .017) ( Table 3 ), but was not significantly associated with UCVA ( Table 2) .
None of the parental education indicators were associated with UCVA or myopia risk in multivariate models, though either parent finishing high school was significantly associated with worse UCVA in the univariate analysis. Compared with living at home, living in a school dormitory was negatively correlated with UCVA and myopia, while other residence types were unassociated with vision or refractive error (Tables 2 and 3 ).
Discussion
Our models of UCVA and myopia both point to consistent conclusions that time using computers and smartphones is associated with more myopic refractive error, while television Impact of near work, time spent outdoors on visual acuity among Chinese school-going children 
viewing and after-school study are not. Evidence about the impact of smart phone and computer use on myopia has been inconsistent [13, 14, 23, 24] . It may be that, as prevalence of use of these devices among school-age children continues to rise in China and elsewhere, the association is becoming clearer. It should be noted, though, that in the present cohort, daily use of both smartphones and computers was less common than the frequency of television watching and after-school study. Given the greater expected viewing distance for television, our failure to find an association with visual acuity or myopia, as opposed to computers and smartphones (generally used at closer distances), is consistent with the prevailing hypothesis that viewing distance plays a role in the influence of near work on myopia, due perhaps to greater peripheral defocus at closer working distance [25] . We speculate that the lack of an observed association between after-school study time and myopia or decline in vision might be due to afternoon study and tutorial classes, which some children may not have considered as "reading after school". Once again, evidence on the impact of reading and studying on myopia incidence and progression has been somewhat inconsistent [13, 14] . Recent trial evidence strongly suggests a causal association between increased time outdoors and decreased incidence of myopia [8, 9] . However, the mechanism for the protective effect of outdoor time is still not definitively understood, with both increased exposure to bright light and decreased time focusing at near targets having been proposed. Our finding that statistically significant associations between outdoor time and reduced myopia were found only for the midday interval, and not before or after school, may support the hypothesis that light intensity plays a crucial role in the protective effects of outdoor time, corroborating results from animal experiments [26, 27] . Time of day has not previously been identified as an important aspect when considering outdoor time as a mediator of myopia risk. Parts of China, including the current settings in our sample province, are at similar latitudes to areas with high sun exposure[28]; however, it may be that other factors such as weather and air pollution [29] partially block sunlight in China, requiring exposure at the brightest midday hours for protection against UCVA and leading in part to China's high myopia prevalence [30, 31] .
Our findings suggest a potential anti-myopia intervention of encouraging more outdoor activities during the noon hours when illumination is greatest. Such strategies would be practical in China, due to the widespread practice of offering a noon break of up to 2 hours in Chinese schools, during which many children return home to rest. Strategies to exploit this noon break in order to increase sunlight exposure would have to contend with the cultural norm of sleeping during this time, and would also need to address issues such as protecting children's skin from bright sunlight. Further evidence of the greater effectiveness of noon-time outdoor activity in protecting against myopia is needed in other settings.
Strengths of this study include its population-based nature and large size. The "diary" approach explored the effects of time spent on a variety of activities, including various types of near work and outdoor activities at different times of day. This alleviates concerns of 
substitution effects as confounding factors. There is also a clear distinction between noon-time outdoor activity and other outdoor activities in our data. Some caution is necessary in interpreting our results. Self-reported recall data, as adopted by most studies of visual acuity [3] , depend on the reliability of informants [32] [33] [34] ; this issue may be greater when younger children are involved, as in the present case. Given the resource limitations to researchers following a large cohort of young children for long periods of time, the self-reported recall was determined to be the best method for our study's visual acuity data collection. Parents' refraction data are often included to explain the incidence and progression of myopia [1] , while resources to refract parents are rarely available in studies of children's refractive error, glasses wear can be used as surrogate for myopia in high resource settings, but this is less useful in rural China, where few who need glasses wear them. Though a large number of schools (over 250) were involved, all were selected from two adjacent areas in western China, and application of our findings to other settings must be made with caution.
Even with these limitations, our findings offer a novel evidence supporting the protective effects of increased outdoor time is protective against myopia. If further work confirms our assumption that higher levels of exposure to brighter lights during noontime is an effective method of myopia prevention, this may open the door to entirely-new myopia prevention strategies, such as the use of bright artificial lights in classrooms and various architectural accommodations to increase children's exposure to higher levels of natural light. Impact of near work, time spent outdoors on visual acuity among Chinese school-going children
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